Freshwater bryozoans have recently been identified as hosts of Tetracapsula bryosalmonae, the causative agent of proliferative kidney disease (PKD). To gain insight as to which bryozoans are consistently important hosts for T. bryosalmonae, we present the results of a broad scale survey of bryozoans in European and North American sites upstream from PKD outbreaks in feral, stocked and farmed salmonids. The bryozoan genera most commonly found in association with disease outbreaks are Fredericella and Plumatella, and the most common species are F. sultana (Blumenbach), F. indica Annandale, and P. emarginata Allman. The prevalence of mature sac stages of T. bryosalmonae was very low. Our survey data together with knowledge of bryozoan life cycles and the ecology of PKD allow inferences concerning unknown aspects of the life cycle of T. bryosalmonae.
Introduction
Proliferative kidney disease (PKD) is one of the most serious parasitic diseases of salmonid populations in Europe and North America (Hedrick, McConnell & de Kinkelin 1993) . PKX organism, the causative agent of the disease, has been recognized to be a myxozoan (Kent & Hedrick 1985 , 1986 , but the absence of mature spores in salmonid hosts, the lack of transmission from fish to fish, and seasonality of the disease suggest that the life cycle of PKX is completed in another host and that infection of salmonids may be accidental (Hedrick et al. 1993; Saulnier & de Kinkelin 1997) . The long standing mystery regarding the source of infection of salmonids was recently resolved as a consequence of ecological investigations of freshwater bryozoans in North America (see review in Okamura, Anderson, Longshaw, Feist & Canning 2001) . During these investigations, parasitic sacs of a myxozoan nature were encountered freely floating in the body cavities of several bryozoan species. Molecular analyses indicated that the 18S rDNA sequences of these sacs were indistinguishable from those of PKX (Anderson, Canning & Okamura 1999a,b) , and subsequent transmission studies have confirmed that spores released by bryozoan hosts infect rainbow trout, Oncorhynchus mykiss (Walbaum), and produce PKD .
The discovery of bryozoan hosts allowed PKX to be described as T. bryosalmonae (Canning, Curry, Feist, Longshaw & Okamura 1999 ) which has been assigned to a new class (Malacosporea) within the Phylum Myxozoa (Canning, Curry, Feist, Longshaw & Okamura 2000) . PKX was subsequently described from Arctic charr, Salvelinus alpinus L., as T. renicola (Kent, Khattra, Hedrick & Devlin 2000) , but the first given name has priority according to the rules of the International Code for Zoological Nomenclature.
To date, T. bryosalmonae has been found to parasitize five bryozoan species that range from what are viewed to be primitive to more derived genera (Anderson et al. 1999a; Okamura et al. 2001 ). This paper expands on the conclusions of these earlier studies by presenting the results of a broad scale survey of the bryozoan species that are associated with a range of sites in Europe and North America where PKD outbreaks occur in feral, stocked and farmed salmonids. This information indicates which bryozoans are most commonly found in association with the disease and also allows inferences concerning the life cycle of T. bryosalmonae. Further discussion requires a brief review of relevant aspects of the biology of freshwater bryozoans.
The biology of freshwater bryozoans
Freshwater bryozoans (Phylum Bryozoa; Class Phylactolaemata) are suspension-feeding, colonial invertebrates that are common residents of lotic and lentic habitats (Wood 2001) . Despite their ubiquity, bryozoans are often overlooked because of their sessile nature and colonial growth in cryptic, protected places such as the undersurfaces of submerged branches, macrophytes and stones. The life cycle entails hatching of small colonies from asexually produced overwintering propagules, called statoblasts, when temperatures increase in late spring/early summer. Statoblasts are tiny (£1 mm) seedlike structures composed of two chitinized valves enclosing dormant germinal tissues. Because of phenotypic plasticity in colony form, much of the taxonomy of freshwater bryozoans is based on details of statoblast morphology.
Materials and methods
Bryozoans were collected from water sources upstream from fish farms and hatcheries and from water bodies containing wild and stocked salmonid populations.
Sites with records of PKD outbreaks were visited in California, Montana, Idaho, British Columbia, France, England and Scotland during periods when bryozoans were expected to be present, given the developmental time of PKD at each site. At each site an extended search for bryozoans was undertaken and a representative range of colonies was collected. This approach determined the common species present at sites. No attempt was made to quantify bryozoan abundances as densities are difficult to estimate because of the patchy nature of substrata, the three-dimensional growth of many species, and asexual spread that results in intertwined, dense stands of colonies. Furthermore, species identifications often require microscopic examination of statoblasts.
Colonies were examined using a dissection microscope for the presence of parasitic sacs of T. bryosalmonae in the body cavity (Okamura 1996; Canning et al. 1999) and to identify and fix material from the range of species present. The presence of parasitic sacs was determined through inspection of transparent colonies or portions of colonies and by tearing apart opaque colonies to cause the release of parasitic sacs Okamura et al. 2001) . The amount of material processed reflected abundance at each site and the time available to inspect the material for parasites. Colonies of different species were fixed in 70% ethanol for later confirmation of species identification through inspection of statoblasts by light or scanning electron microscopy. For scanning microscopy statoblasts were cleaned by vigorous shaking in a 0.1-m solution of sodium hexametaphosphate (Calgon) and rinsing in deionized water. Statoblasts were then freeze dried, mounted on aluminium stubs, and sputter coated with gold palladium alloy for examination with a Philips 500 scanning electron microscope (SEM) (Philips, Surrey, UK).
Results
A total of 11 species of bryozoans were identified from regions upstream from 14 sites with a history of PKD in a range of salmonid species (see Table 1 ). The sites sampled were ecologically diverse, and included natural and canalized rivers (e.g. Madison River, Montana and River Kennett, England) and natural and man-made freshwater bodies (e.g. Loch Scadavay and Folsom Lake, CA, USA) (see Table 1 for further details of sites). In two cases (Puntledge River Hatchery, British Columbia and Madison River, Montana) bryozoans were sampled from more than one upstream region. It was generally not feasible to sample habitats exhaustively for bryozoans, however, Fredericella indica Annandale appeared to be the only species present at one site (Middle Creek Reservoir, Montana). This relatively small, simple site was created some 50 years ago by damming a stream that drains the surrounding hills. Dense monospecific stands of F. indica were found on drowned trees and rocks. No statoblasts were encountered on lake margins, where floating statoblasts produced by other bryozoans tend to accumulate. If another Journal of Fish Diseases 2002, 25, 469-475 species was present it was exceedingly rare and hence unlikely to be a significant host for T. bryosalmonae. In two sites (Hot Creek Hatchery, CA, USA and Pisciculture de Lussais, France) no bryozoans were found. Most sites had more than one species of bryozoan present ( Table 1 ). The genera Fredericella and Plumatella were represented at most sites (Fig. 1a) and Plumatella was often represented by more than one species within a site (Table 1) . Fredericella sultana (Blumenbach), F. indica and Plumatella emarginata Allman were found in the highest percentage of sites while P. nitens Wood, P. fungosa (Pallas), Lophopodella carteri (Hyatt) and Pectinatella magnifica (Leidy) were encountered only once (Fig. 1b) .
Microscopic examination of bryozoans often revealed small stages (~20-50 lm in diameter) circulating in the coelomic cavity. In some cases, these were sperm. In other cases, they may have been coelomocytes (Mano 1964) , early stages of T. bryosalmonae, other myxozoan or microsporidian parasites (Allman 1856; Canning, Okamura & The percentage of sites inhabited by different bryozoan species. Species were pooled from Comox Lake and Puntledge River, British Columbia and from Ennis Lake and Madison River, Montana because these were common water sources to the Puntledge River Hatchery and the feral rainbow trout population, respectively. Bryozoans found in these common water sources could therefore contribute to PKD outbreaks. Pl ¼ Plumatella, Pe ¼ Pectinatella.
Curry 1996 ; Okamura 1996; Canning & Okamura, unpublished data) . Mature sacs of T. bryosalmonae parasitic in F. sultana were encountered only once in a colony collected at Moulin de Glaire, France (see also Gay, Okamura & de Kinkelin 2001) indicating that prevalence levels were in general very low. Determination of actual prevalence of T. bryosalmonae is hampered as asexual spread leads to dense, entangled stands which hinder identification of individual colonies, and because microscopic examination of statoblasts is required to identify many bryozoan species. Nonetheless, many thousands of colonies would have been inspected across sites.
Discussion
This large scale survey identified 11 bryozoan species in a diversity of habitats associated with PKD outbreaks. As T. bryosalmonae occurs in a broad range of bryozoan hosts (Anderson et al. 1999a; Longshaw et al. 1999; Okamura et al. 2001) , species encountered in this study are likely to represent potential hosts. The distribution of bryozoans across sites suggests that species of Fredericella and Plumatella are the most important hosts, and previous studies have identified infections of T. bryosalmonae in species of both genera (Anderson et al. 1999a; Longshaw et al. 1999) . The gelatinous species, L. carteri and P. magnifica, were only encountered once although the latter is a confirmed host of T. bryosalmonae (Anderson et al. 1999a) . These results may reflect the general association of gelatinous species with ponds and lakes rather than rivers and streams. While within sites some species may have been overlooked, such undetected rare species are unlikely to be significant hosts for T. bryosalmonae. We were unable to locate bryozoans in two sites. No bryozoans were found in the short spring-fed stream which supplies Hot Creek Hatchery, but the large underground pipe that carries stream water some 100 m to the hatchery was inaccessible. As bryozoans can flourish in and often block pipes (Wood & Marsh 1998) , this pipe may represent the major bryozoan habitat at the site. Failure to find bryozoans at Pisciculture de Lussais is likely to reflect the low abundance and limited time available for searching this complex site. Notably, bryozoans were encountered in a site downstream from Pisciculture de Lussais, associated with Pisciculture de Fontenille.
The evidence for very low prevalences of mature sac stages in this study is in keeping with the absence of T. bryosalmonae in a number of sites in Ohio & Michigan in 1999 ), but contrasts with much higher prevalences noted in Ohio in 1998 and in southern England in 1999 (Anderson et al. 1999a; Longshaw et al. 1999) . These results therefore provide further support for substantial spatial and temporal variation in the prevalence of mature stages of T. bryosalmonae , but it should be noted that overall prevalences may be much higher if cryptic early stages of infection are accounted for.
Knowledge of the life cycle of T. bryosalmonae is poor. Early development in bryozoans is unknown and it is unclear whether there is another normal host in the life cycle. The occurrence of T. bryosalmonae in lakes lacking salmonids indicates that these fish are not required hosts in the life cycle (Anderson et al. 1999a; Okamura et al. 2001 ) and provides further evidence that salmonids are accidental hosts (Hedrick et al. 1993; Saulnier & de Kinkelin 1997) . Indeed, the broad diversity of habitats harbouring PKD outbreaks or T. bryosalmonae infections in bryozoans suggests that no fish serve as obligate hosts because none will be common to all sites. For instance, T. bryosalmonae has been found in sites ranging from clear, cool streams near headwaters in the UK to warm, eutrophic lakes in North America . Sites reported here range from a relatively high elevation (2300 m), productive spring-fed stream with only one endangered cyprinid fish species present (Hot Creek Hatchery), to mid-to low elevation water bodies including rivers, reservoirs, lochs and lakes on different continents (see further site details in Table 1 ). Clearly any other obligate host(s) in the life cycle must be as catholic in habitat requirements as bryozoans. To date no other hosts have been identified although researchers have screened a large range of potential invertebrate and fish candidates from sites with PKD outbreaks (e.g. Feist & Bucke 1993; Hedrick et al. 1993; Morris, Adams, Feist, McGeorge & Richards 2000; M. Longshaw, unpublished data; D. Morris, unpublished data) . A distinct possibility is therefore that bryozoans are the only hosts required in the life cycle of T. bryosalmonae. Okamura et al. (2001) speculated that infections may cycle through different bryozoan species tracking the seasonal availability of new hosts. However, the presence of only one bryozoan species in one site (F. indica at Middle Creek Reservoir, Journal of Fish Diseases 2002, 25, 469-475 Montana) indicates that multiple bryozoan species are not required as hosts.
What happens to T. bryosalmonae during the winter remains a mystery. Myxosporean spores possess hardened, resistant valves and remain viable in sediments for prolonged periods (Hoffman & Putz 1969) . The soft-valved malacosporean spores are unprotected and apparently short-lived: infectivity of water to fish has been shown to be <48 h (de Kinkelin 1999). One possibility is that T. bryosalmonae is able to overwinter as cryptic stages in dormant statoblasts. Such a scenario is attractive as waterfowl-mediated dispersal of statoblasts (Freeland, Noble & Okamura 2000; Bilton, Freeland & Okamura 2001) would provide a mechanism of dispersal for T. bryosalmonae. Another possibility is overwintering in Fredericella. Living colonies of both F. sultana and F. indica have been observed even in ice-covered sites throughout winter (Raddum & Johnsen 1983; Wood 2001) . Winter infection of Fredericella colonies was implicated when T. bryosalmonae was transmitted to rainbow trout which were placed for 6-8 days in a river during the winter period and subsequently held at temperatures permissive for development of PKD (Gay et al. 2001) . The occurrence of Fredericella at all sites apart from one in this study suggests that overwintering in Fredericella colonies could be common. On the other hand, the presence of only P. repens in the recirculating system in Jouy-en-Josas, France (Table 1) implies that overwintering in statoblasts may explain the persistent infectivity for PKD in this system. Note, however, that Fredericella could be present but undetected in the sealed filter tower at this site.
The discovery of freshwater bryozoans as hosts of the causative agent of PKD has engendered new questions regarding the life cycle and development of T. bryosalmonae. At present, we cannot exclude the possibility that T. bryosalmonae overwinters in an alternate, as yet unidentified host in the life cycle, but data from ecological surveys and screening studies provide little support for this scenario. Further investigation is required to identify the overwintering strategy of T. bryosalmonae.
